We present the detections of 19 solar flares detected in high-energy gamma rays (above 100 MeV) with the Fermi Large Area Telescope (LAT) during its first four years of operation. Interestingly, all flares are associated with fairly fast Coronal Mass Ejections (CMEs) and are not all powerful X-ray flares. We then describe the detailed temporal, spatial and spectral characteristics of the first two long-lasting events: the 2011 March 7 flare, a moderate (M3.7) impulsive flare followed by slowly varying gamma-ray emission over 13 hours, and the 2011 June 7 M2.5 flare, which was followed by gamma-ray emission lasting for 2 hours. We compare the Fermi -LAT data with X-ray and proton data measurements from GOES and RHESSI. We argue that a hadronic origin of the gamma rays is more likely than a leptonic origin and find that the energy spectrum of the proton distribution softens after the 2011 March 7 flare, favoring a scenario with continuous acceleration at the flare site. This work suggests that proton acceleration in solar flares is more common than previously thought, occurring for even modest X-ray flares, and for longer durations.
Solar flares are explosive phenomena that emit electromagnetic radiation extending from radio to γ rays. It is generally agreed that magnetic energy stored in the solar corona and released through reconnection is the source of plasma heating and acceleration of electrons and ions to relativistic energies. Measurements of Hard X-Rays (HXRs) up to ∼300 keV indicate the pres-ence of electrons with energies up to few MeV producing bremsstrahlung in the high-density regions of the solar corona and chromosphere. Microwave observations indicate synchrotron emission by higher-energy, relativistic electrons in ∼ 100 G magnetic fields. In some flares, often GOES (Geostationary Operational Environmental Satellite) X-class, electron bremsstrahlung emission is detected up to tens of MeV (e.g., Trottet et al. 1998) . Nuclear γ-ray lines in the 1-10 MeV range and continuum radiation above 100 MeV produced by accelerated protons, α particles, and heavier ions have been detected with instruments onboard the Solar Maximum Mission (SMM), the Compton Gamma Ray Observatory (CGRO)and the Reuven Ramaty High Energy Solar Spectroscopic Instrument (RHESSI, Lin et al. 2002) . The lines are due to de-excitation of ambient (or accelerated) ions excited by interactions with accelerated (or ambient) ions. The continuum radiation is produced by interactions of >300 MeV protons and >200 MeV/n α-particles with ambient protons and Helium producing neutral and charged pions (Murphy et al. 1987) . The neutral pions decay into a pair of 67.5 MeV γ rays (in the rest frame of the pion), and the charged pions decay ultimately into energetic electrons, positrons and neutrinos. The secondary electrons and positrons emit bremsstrahlung γ rays in the tens of MeV energy range. These particles also produce inverse Compton X-rays by up-scattering solar optical photons and terahertz synchrotron radiation.
In general, the γ-ray emission light curve is similar to that of the HXRs (possibly with some delay), lasting for 10 − 100 seconds. This is referred to as the "impulsive" phase of the flare. However, the high-energy instrument onboard CGRO Energetic Gamma Ray Experiment Telescope (EGRET) (Kanbach et al. 1988; Esposito et al. 1999 ) detected γ rays above 100 MeV for more than an hour after the impulsive phases of 3 flares (Ryan 2000) . Among them, the 1991 June 11 flare is remarkable because the γ-ray emission (>50 MeV) lasted for 8 hours after the impulsive phase of the GOES X12.0 flare (Kanbach et al. 1993 ). The measured γ-ray spectrum appeared to be a composite of electron bremsstrahlung and pion-decay components (Kanbach et al. 1993; Rank et al. 2001; Ramaty & Mandzhavidze 1994) . The γ-ray light curve showed a smooth exponential decay (Kanbach et al. 1993) . Ryan (2000) suggested that the particles accelerated during the impulsive phase of the flare could remain trapped for the entire duration of the flare, and precipitate gradually into the denser solar atmosphere to produce the γ rays. Alternatively, continuous acceleration, either by a CME shock or by turbulence in a closed magnetic loop, is a possible origin (Rank et al. 2001) .
As solar activity increases with the progress of the solar cycle, the Large Area Telescope (LAT, Atwood et al. 2009 ) and Gamma-ray Burst Monitor (GBM, Meegan et al. 2009 ) instruments on the Fermi Gamma-Ray Space Telescope are beginning to observe γ rays and HXRs from solar flares. As we show below, in its first four years of operation, the LAT has detected emission above 100 MeV in at least 19 flares. In this paper, we describe the continuous monitoring of the Sun that we perform with the LAT and outline broad conclusions that we derive from analysis of those flares. We then discuss in detail the first two long-duration flares: the GOES M-class flares SOL2011-03-07T20:12 and SOL2011-06-07T06:41. For both flares, the Sun was outside the field of view (FOV) of the LAT during the impulsive phase; nevertheless a significant flux of γ rays was detected when the Sun entered the LAT FOV at intervals over the next ∼ 13 hours on March 7 and 8 and at one interval on June 7. Results of the temporal and spectral analyses and localization studies are described in Sec. 3, followed by a brief interpretation in Sec. 4.
DATA ANALYSIS
The Fermi -LAT is a wide field of view (FOV), imaging telescope for high-energy γ rays, designed to cover an energy range from 20 MeV up to more than 300 GeV (Atwood et al. 2009 ). The instrument consists of a precision tracker with silicon strip detectors above a cesium-iodide calorimeter. Both are enclosed in the plastic scintillators of the Anti-Coincidence Detector (ACD) that provides charged-particle tagging for background rejection. For bright solar flares an intense flux of X-rays during the impulsive phase of the flare can result in pulse pile-up in the ACD scintillators within the integration time of the ACD readout. A coincident γ ray entering the LAT within that integration time can be misidentified by the instrument's flight software or event-classification ground software as a charged particle and thereby mistakenly vetoed. During these periods, the nominal LAT instrument response functions do not apply, and the data cannot be analyzed by standard software. These issues were addressed in detail in Ackermann et al. (2012b) for the 2010 June 12 flare. The LAT instrument team closely monitors for this effect and tags such data as "bad" through redeliveries to the public data archive 60 . Data marked as "bad" have been included in the continuous monitor of the Sun that we describe in Sec. 2.1. The goal of this monitoring is to detect any possible increase of the solar flux. (The effect of the ACD pile-up is to decrease the effective collecting area; therefore a significant excess will still correspond to an increase of the flux). On the other hand the instrument response functions (used for highlevel analysis) does not account for this effect, and the value of the measured flux will not be correct during time intervals with high ACD pile-up. We therefore remove such time intervals in the detailed analysis of standard 60 http://fermi.gsfc.nasa.gov/ssc/data/access/ LAT data (Sec. 2.2).
LAT SunMonitor
Fermi has spent more than 95% of its mission to date in survey mode, in which the spacecraft rocks to put the center of the LAT FOV 50
• north and 50
• south of the orbital equator on alternate orbits. In this way the LAT monitors the entire sky every two orbits, or about every three hours, and observes the Sun for ∼ 20 − 40 contiguous minutes in that time (see Sec. 3.1). We have created an automated data analysis pipeline, the Fermi -LAT SunMonitor, to monitor the high-energy γ-ray flux from the Sun throughout the Fermi mission. The time intervals during which we run the analysis are the intervals in which the Sun is less than 60
• off-axis for the LAT. In this way, each interval corresponds to the maximum time with continuous Sun exposure, and the durations of these intervals vary as the Sun advances along the ecliptic and as the orbit of Fermi precesses. We use γ rays with energies between 100 MeV and 10 GeV from the P7SOURCE V6 data class (Ackermann et al. 2012a) , which is well-suited for point-source analysis. Contamination from γ rays produced by cosmic-ray interactions with the Earth's atmosphere is reduced by selecting events measured to be within 105
• of the zenith. Each interval is analyzed using a Region Of Interest (ROI) of 12
• radius, centered on the position of the Sun at the central time of the interval. The maximum deviation of the true position of the Sun during these ∼ 30 minutes due to its apparent motion is less than 1 , which is smaller than the typical angular resolution of the instrument (the 68% containment angle of the reconstructed incoming γ-ray direction for normal incidence at 1 GeV is 0.
• 8 and at 100 MeV is 6
• ) and than the localization precision for even bright solar flares. It is therefore not necessary to apply a correction to account for the motion of the Sun from the center of the ROI.
In each time window, we perform a spectral analysis using the unbinned maximum likelihood algorithm gtlike 61 . The ROI is modeled with a solar component and two templates for diffuse gamma-ray background emission: a Galactic component produced by the interaction of cosmic rays with the gas and interstellar radiation fields of the Milky Way, and an isotropic component that includes both the contribution of the extragalactic diffuse emission and the residual cosmic rays 62 . We fix the normalization of the Galactic component but leave the normalization of the isotropic background as a free parameter.
We verified that the background model describes the data well at times away from flares. To test for transient solar emission, the Sun is assumed to be a point source with a γ-ray spectrum described by a power law with an exponential cut-off (see Sec. 3.3). The three spectral parameters are left free. (In Sec. 3.3 we perform spectral analyses for two flares using an additional, physically motivated spectral form.) In fitting all free parameters to maximize the likelihood, we compute the significance of the point source using the Test Statistic, TS=2[log L − log L 0 ], where L 0 is the likelihood of the null hypothesis (no source present at the position of the Sun) and L is the maximum likelihood when the source is added to the model.
To understand the statistical significance corresponding to a particular value of TS, we applied the SunMonitor analysis to a test location moving along the ecliptic plane 180
• from the Sun for the full fouryear data set (corresponding roughly to 10 4 realizations). Over such a long period, this fiducial location samples the same charged-particle and celestial backgrounds as the Sun but is free of any possible flare signal. The distribution of TS values determined for the test location was consistent with 1/2 χ 2 2 . From Wilks's theorem, we might naively expect, with the addition of three parameters (flux normalization, photon index, and cutoff energy), that TS would be distributed as χ 2 3 . In our case, however, the factor of 1 2 arises from the requirement that source flux not be negative, and the reduction in degrees of freedom from 3 to 2 results from correlation among model parameters.
Continuous monitoring of the Sun has led to the highconfidence detections of a number of flares with the LAT. In Table 1 , we list detections for which the TS is greater than 30 (roughly corresponding to 5 σ), along with estimates of their >100 MeV average flux during the indicated durations. We have grouped consecutive detections together into 16 distinct flaring episodes. To complement the results of the SunMonitor, we also analyzed the LAT Low Energy (LLE) (Pelassa et al. 2010 ) data for every flare detected by Fermi -GBM, detecting three additional flares. These data have relaxed event selection compared to the data class used by the SunMonitor and are not compromised by pileup effects in the ACD during the impulsive phase of a flare. LLE analysis achieves larger effective area to transients in the 30 MeV to 1 GeV band than standard analysis. We have indicated the LLE detections during the impulsive phase using the label "LLE" in the TS column. Although it is possible to measure fluxes using LLE data (see, for example, Ackermann et al. 2012b), a dedicated spectral analysis of each flare would be necessary. This is beyond the scope of this paper, and we defer to further publications for evaluation of the fluxes of LLE flares. CME shock speeds measured by SOHO-LASCO (Brueckner et al. 1995) are obtained from the SOHO/LASCO CME online catalog 63 and are reported in the third column of the table.
Several features are immediately apparent from the table. Although the SunMonitor has analyzed data since the start of the mission, the detection of solar flares starts only in mid 2010, with the rise of solar activity in the current cycle. In five cases, labeled as type "I" for "Impulsive" in the table, we detected the impulsive phase above 30 MeV using LLE data, and in two of them the flare was also detected above 100 MeV in standard likelihood analysis by the LAT SunMonitor. In some cases, due to the partial overlap between the duration of the GOES X-ray pulse and the time interval in which we 63 The CME catalog is generated and maintained at the CDAW Data Center by NASA and The Catholic University of America in cooperation with the Naval Research Laboratory. SOHO is a project of international cooperation between ESA and NASA.
detect the solar flare at high energy, we cannot disentangle the impulsive phase from the long-duration (or "Sustained") emission, and we have labeled these cases as type "I/S". When high-energy emission (>100 MeV) is detected in time intervals subsequent to the impulsive HXR emission, we have labeled the detections as type "S" for long-duration, "Sustained" emission. In three cases (2012 January 27; 2012 March 09; 2012 March 10) the Sun was in the LAT FOV at the time of the HXR impulsive flare, but the LAT did not detect it, suggesting that high-energy emission can also arise at later times. We have labeled these type "D" for "Delayed." Although these cases are rare, they are particularly interesting and will be the subject of further analysis in a subsequent paper.
In almost all the cases, the flares are associated with moderately bright X-ray flares, although unlike the EGRET-detected flares, not all are X-class. Instead, they are predominantly M-class and, in one case (2011 June 02), high energy emission occurred coincidently with a series of C-class flares. All the flares are Solar Eruptive Events (SEE), i.e., they are associated with CMEs and SEPs. Most have fast ( 500 km s −1 ) CMEs, and six have CME velocities ∼ 2000 km s −1 . The total energy radiated in > 100 MeV γ rays varies from < 10 22 to 10 25 ergs and thus spans a broader dynamic range than other characteristics (e.g. GOES flux spans two decades, CME speed a factor of 4, etc.). It is nonetheless small compared to the typical total energy of a flare, which can be 10 32 ergs for the largest flares, attesting to the high sensitivity of the Fermi -LAT. We caution that flares whose only high-energy emission is during the impulsive phase can be missed because of the modest in-aperture viewing fraction afforded by the sky survey observing strategy. Averaged over year, the Sun is within the LAT FOV ∼20% of the time, and only a small number of flares is viewed during their impulsive phase. An example of this is the X5.4 flare on 2012 March 7 whose main impulsive burst was missed by Fermi.
Detailed Analysis of Two Flares
A detailed and complete analysis of all the flares in Table 1 is beyond the scope of this paper. Ackermann et al. (2012b) discuss a flare that exhibited only impulsive emission (<1 minute in duration) at high energies, the M2.0 flare of 2010 June 12, which showed γ-ray lines below 10 MeV and continuum up to 300 MeV in the LAT. Here we focus on the first two long-duration flares: the M3.7 solar flare of 2011 March 7, which was detected with LAT over a interval of almost 14 hours (Allafort et al. 2011) , and the M2.5 flare of 2011 June 7 ) detected for less than an hour. For these two flares, we used P7SOURCE V6 event class data and instrument response functions in the 60 MeV to 6 GeV energy range for spectral analysis and the 100 MeV to 6 GeV range for localization. We restricted the data set to γ-rays arriving with zenith angles less than 100
• to minimize contamination from atmospheric γ rays, and we analyzed γ-rays within a 12
• ROI around the Sun. We included the azimuthal (φ) dependence of the effective area of the LAT when calculating the exposure for the likelihood analysis. While the φ dependence averages out for observing time scales of days and longer, on scales of minutes and hours -those relevant to solar flare analysis -the range of φ angle for an individual source is not well-represented by the azimuthal average: e.g., the effective area can differ from the azimuthal averaged by 5% typically and more than 10% below 100 MeV or far off-axis (incidence angle > 60
• ) 64 . It is important to account for the apparent motion of the Sun in the analyses of particularly long flares, i.e. when the motion is a non-negligible fraction of the localization accuracy which is a tighter constrain than the size of the LAT point spread function (PSF). Such is the case in analyzing the ∼14 hours of γ-ray emission from the March 7 event as a whole. (It is not necessary for the June 7 event since the high energy emission was visible by LAT for only 36 minutes.) We have developed a dedicated "Sun-centering" analysis tool for moving sources. We transform the directions of all the γ rays into ecliptic coordinates, then translate them in ecliptic longitude to keep the Sun at position (0,0) as time passes.
64 http://fermi.gsfc.nasa.gov/ssc/data/analysis/ documentation/Cicerone/Cicerone_LAT_IRFs for more details.
We apply the same operation to the pointing history of the LAT to keep an accurate account of the exposure. In Sun-centered coordinates the diffuse backgrounds are well approximated by an isotropic intensity. We verified that fitting the standard isotropic template to the data with a free normalization coefficient is provides a good representation of the backgrounds. Two additional backgrounds relevant for analyses of solar flares are the quiet Sun emissions (Abdo et al. 2011 ) from cosmic-ray interactions with the Sun (disk) and with the solar radiation field. For the typical duration of the SunMonitor analysis (nominally less than an hour), these backgrounds are not significant. For long duration flares (such as the March 7), or for detailed localization analysis, it is important to account for the solar disk component, modeled as a point source at the position of the center of the disk with the parameters fixed to their measured values (Abdo et al. 2011) .
Uncertainties in the calibration of the LAT introduce systematic errors on the measurements. Effective area uncertainty is dominant, and for the P7SOURCE V6 event class it is estimated to be ∼10% at 100 MeV, decreasing to ∼5% at 560 MeV, and increasing to ∼10% at 10 GeV and above. In order to estimate the systematic uncertainties in the model parameters, we repeat the analysis using a set of custom modified instrument response functions. We describe this "bracketing" technique in detail in Ackermann et al. (2012a) .
RESULTS
On 2011 March 7, the solar activity increased dramatically, with a dozen M-class solar flares detected during the subsequent two days with the GOES soft X-ray monitor. Intense HXR emission (up to 300 keV) observed by RHESSI accompanied an M3.7 solar flare that erupted from the NOAA Active Region (AR) 11164 in the northwest quadrant. The impulsive phase started at about 19:43 UT and ended at 20:10 UT.
65 Around 6:16 UT on 2011 June 7, an M2.5 flare erupted from AR 11226 in the southwest quadrant, with prominent soft X-ray and HXR emission, ending at 06:59 UT.
66 The heliographic longitude of the flare site was similar to that of the March 7 flare. For both flares, the impulsive phase seen in HXRs by RHESSI occurred entirely while the Sun was outside the Fermi -LAT FOV. Without any interference from the impulsive X-rays in the ACD the Fermi -LAT was able to start observing the Sun 33 and 92 minutes after the start of the March 7 and June 7 events, respectively.
Gamma-ray Light Curve
We used the output of the SunMonitor to identify the intervals during which significant emission was detected for the March 7 and June 7 flares. We then performed a more detailed spectral analysis for these intervals and the preceding and following six-hour intervals. The upper panels of Figures 1 and 2 show the flux measurements or upper limits in each observing window, where each window is defined to be when the 12
• -radius analysis ROI (see Sec. 2) around the Sun is entirely within the 70
• FOV. Table 2 gives the precise time and duration of each window in which we found a positive detection of emission at energies greater than 100 MeV. (Since the flare is detected with high significance in four consecutive time windows, we include also the last point with TS=20.) The most striking feature of the March 7 flare is the slow increase of the flux, which reaches its peak, F (> 100MeV) = (3.8 ± 0.3) × 10 −5 ph s −1 cm −2 , more than 7 hours after the onset of the M3.7 flare itself. The flux then decreased gradually until the last significant detection, almost 14 hours after the impulsive phase. The June 7 flare was detected significantly only in the first observing window after the flare onset, with only upper limits obtained for the following windows. The flux measured in this first window, less than two hours after the impulsive phase, is of the same magnitude as the peak flux for the March 7 flare, with F (> 100MeV) = (3.4 ± 0.2) × 10 −5 ph cm −2 s −1 . The upper limits shown before and after the detections are consistent with the quiet Sun flux of (4.6 ± 0.2) × 10 −7 ph cm −2 s −1 reported in Abdo et al. (2011) . We also searched for spectral evolution from one observing window to the next for the March 7 flare, as described in Sec. 3.3.
65 http://www.swpc.noaa.gov/weekly/pdf/prf1854.pdf 66 http://www.swpc.noaa.gov/weekly/pdf/prf1867.pdf 3.2. Localization Localization of the high-energy γ-ray emission relative to the X-ray flaring site can provide valuable information about the source of the accelerated particles producing the high-energy emission. The key question is whether that emission is tightly constrained to the flaring site, or displaced, or broadly distributed. This is complicated by the fact that on March 7 and 8, within the 10 hours following the M3.7 flare from AR 11164, other regions of the Sun were active (AR 11165 and 11171), producing a total of three M-class flares (Figure 1) . It is necessary to know the location of the source or sources of the high energy emission to interpret the γ-ray light curve properly. We used the maximum likelihood fitting package, pointlike, which was used in the localizations for the sources in the LAT 2-year catalog (2FGL, Nolan et al. 2012) sources and is particularly suited for simultaneously fitting position, spectrum and possible spatial extension of a source (Kerr 2011; Lande et al. 2012) . We limited this analysis to energies greater than 100 MeV to exclude γ rays with the most uncertain directions.
For both flares we modeled the long-duration emission with a point source and found the best-fit source location for the full duration of the high-energy detection. The best locations and corresponding circular 68% and 95%-confidence statistical uncertainty regions are plotted for both flares on images of the Sun from the Atmospheric Imaging Assembly (AIA) onboard the Solar Dynamic Observatory (SDO) (Figure 3 ). Positions are expressed in Cartesian-projected heliographic coordinates. For the March 7 event, the best position is (750 , 690 ) offset from the center of the solar disk with 68% and 95%-confidence error radii of 290 , and 500 , respectively. This position in the northwest quadrant is consistent with that of AR 11164 as imaged by RHESSI and SDO. For June 7, the best location is (870 , −350 ) with a 68%-confidence radius of 500 , in the southwest quadrant of the solar disk and consistent with the position of AR 11226. The uncertainty is large because the source flux is modest.
A possible bias in the determination of the position of an off-axis γ-ray source, particularly at low energy, is the so-called "fisheye" effect, a known systematic shift in the reconstruction of each event toward the center of the LAT FOV (Ackermann et al. 2012a ). This bias does not affect long observations of steady sources with the LAT, but for short observations at high incidence angle, as is the case for most solar flares, this effect can be important, e.g., as we reported for the 2010 June 12 solar flare (Ackermann et al. 2012b) . From Monte Carlo simulations we evaluated the energy-dependent correction to be applied to the incidence angle of each γ ray, and for the March 7 flare the average shift of the reconstructed direction with respect to the Monte Carlo position is ∼100 . This bias is negligible compared to statistical uncertainties, so we have not included it in the best-fit positions we reported above.
For the March 7 flare, we repeated the localization analysis for each observing window with a positive detection, but the low counting statistics produced large uncertainties that are not constraining, and much larger than the solar disk. We were therefore unable to evaluate whether the high-energy emission site moved during the Gamma-ray data are from the Fermi-LAT, HXRs from RHESSI, soft X-rays and protons from GOES. Vertical error bars of LAT data indicate 1σ statistical uncertainties, and gray arrows are 95% upper limits. The horizontal bar for each flux point represents the true duration over which the flux was computed (see Table 2 ), the Sun being out of the FOV at other times.
event.
Using pointlike we investigated the possibility that the γ-ray emission is spatially extended and found no significant TS increase for an extended source relative to a point source, for either the total time of detection or for individual intervals.
Spectrum
We can evaluate the contributions from two distinct emission mechanisms -bremsstrahlung from accelerated electrons, and decay of pions from interactions of accelerated hadrons -regardless of how the charged particles are accelerated by comparing the > 100 MeV data to model predictions. We used a simple power law dN/dE = N 0 E −Γ , where Γ is the photon index and E the energy of the γ-rays, to describe bremsstrahlung from a non-thermal electron distribution. To test whether the electron distribution breaks or cuts off at high energies, which would be reflected as a break or cut-off in the γ-ray distribution at lower energies, we also considered a -Multi-wavelength and proton light curves of GOES M2.5 SOL2011-06-07T06:41. Gamma-ray data are from the Fermi-LAT, HXRs from RHESSI, soft X-rays and protons from GOES. Vertical error bars of LAT data indicate 1σ statistical uncertainties, and gray arrows are 95% upper limits. The horizontal bar for each flux point represents the true duration over which the flux was computed (see Table 2 ), the Sun being out of the FOV at other times.
power law with an exponential cut-off (ExpCutoff):
Although the two models are identical only for E co → ∞ and the likelihood-ratio test cannot be rigorously applied, we report in Table 3 the increment in TS obtained by including the exponential cut-off in the model. We also report the best-fit values of the parameters of the two models for both flares. The power law with an exponential cut-off is a better representation of the γ-ray spectrum as the increment in TS value is greater than 25 in both cases. This simple analytic function is very similar to the γ-ray spectrum resulting from the decay of pions. For the piondecay model, we used calculated γ-ray spectra resulting from interactions of protons and alpha particles having an isotropic momentum distribution and a power-law ki- +0.2 −0.2 † In this time interval, the number of γ-rays is small and the pion-decay template spectrum does not produce a statistically satisfactory fit. The best-fit model to the γ-ray data is described by a power-law with spectral index Γ=2.7±0.4 with the reported flux. netic energy spectrum with index s [N p ( ) ∝ −s ] as described in Murphy et al. (1987) . We obtained a series of tabulated photon spectra by varying the index s of the protons. We compared the associated pion-decay photon spectra with the data by performing an unbinned likelihood spectral analysis and computing the value of the logarithm of the likelihood [log L] with the normalization of the photon spectral template as a free parameter. To estimate the maximum likelihood proton index and its statistical uncertainty, we fit the values of − log L calculated for the tabulated model spectra near their minima with a parabolic function of proton index s. The minimum gives the most likely index s = s 0 for the piondecay model. We calculate the statistical uncertainty on the proton index using ∆TS= 2[log L s − log L 0 ]=1, which corresponds, by Wilks's theorem, to the 68% Confidence Level (CL) for a χ 2 distribution with one degree of freedom. In the last row of Table 3 , we report the best-fit values of the proton spectral indices and their estimated uncertainties for both flares. Systematic errors are estimated using the bracketing method described in Ackermann et al. (2012a) . Figure 4 compares the observed and predicted number of γ-ray counts for different models for the March 7 and June 7 solar flares, while Figure 5 shows the reconstructed spectral energy distribution for the two +0.2 −0.2 † The integral flux between 100 MeV and 10 GeV is in units of 10 −5 ph cm −2 s −1 . ‡ The TS increment for the exponential cut-off model is relative to the power law model. flares. To obtain the 10 model-independent photon spectral data points, we fit the background through the entire energy range (60 MeV to 6 GeV), then within each energy bin, determined the source flux using the Fermi Science Tool gtlike assuming a power-law photon spectrum having fixed index of 2 and background parameters fixed at those obtained from the fit to the entire energy range. We note that the likelihood spectral fitting does not account for the finite energy resolution of the LAT (∆E rms ≈ 15% at 100 MeV; Ackermann et al. 2012a; Atwood et al. 2009 ). The uncertainties on the energy measurement are smaller than the width of the spectral feature (curvature) we measure and therefore do not significantly affect our results. Figure 5 shows the detections (TS>9) and 95% CL upper limits that result from this analysis. Statistically significant solar emission up to ∼1 GeV is apparent for the March 7 flare. Also shown in Figure 5 are the bestfitting photon spectral forms for the pion-decay, exponential cut-off, and power-law models. The insets show the likelihood profiles of the pion-decay model as a function of the proton spectral index.
For the March 7 flare, the best-fit index for a powerlaw photon model is Γ ∼ 2.56±0.06, but this clearly does not provide a good fit to the data. Including the exponential cut-off makes a statistically significant improvement, with a ∆TS = 96. In this case, the power-law component has an index of Γ ∼ 1.5±0.3 and E co ∼ 130±20 MeV. It is apparent from Figure 5 that the exponential cut-off model with these parameters is similar in shape to the pion-decay model. The best fit for the March 7 flare is obtained with the pion-decay model with proton index s ∼ 4.5±0.2. Integrating the best-fitting photon spectrum from 100 MeV to 10 GeV, the flare-averaged γ-ray flux is F(100 MeV-10 GeV) ∼ (2.1±0.1)×10
−5 ph cm −2 s −1 , which corresponds to an energy flux of (7.2±0.4)×10 −9 erg cm −2 s −1 . For the duration of the γ-ray emission, about 13.3 hours, the total emitted energy > 100 MeV is E γ ∼ (7.7±0.4)× 10 22 erg. For the June 7 flare, the best-fit photon index for the power-law model is Γ ∼ 2.45±0.09, but the exponential cut-off model is preferred (with a ∆TS = 44). In this case, E co ∼ 210±40 MeV. For the pion-decay model, the best-fit proton index s ∼ 4.3±0.3 suggests a slightly harder population of accelerated protons compared to the March 7 flare. Using this model, the average 100 MeV to 2.7 ± 0.4 2.5 ± 0.8 95-150 3.8 ± 0.4 5.3 ± 0.9 150-239 4.5 ± 0.4 7.7 ± 1.0 239-378 4.2 ± 0.4 4.6 ± 0.8 378-600
1.7 ± 0.3 3.7 ± 0.9 600-950 0.6 ± 0.2 < 2.1 952-1508 < 0.5 < 1.3 1509-2391 < 0.7 < 1.9 2391-3789 < 0.6 < 4.1 3780-6000 < 0.9 < 4.0 10 GeV flux is (3.1±0.2)×10 −5 ph cm −2 s −1 , corresponding to an energy flux of (10±1)×10 −9 erg cm −2 s −1 . The total emitted energy > 100 MeV over the 36 minutes of detection of the flare was E γ ∼(4.8±0.5)×10
21 erg. The March 7 event was sufficiently strong that we could study spectral evolution. We carried out the spectral analysis method for each of the five time intervals in Table 2. For no time interval other than the last one, where the emission is weak, was the simple power law model an adequate fit to the data. The first four time intervals are well described by the pion-decay model and show a significant, monotonic softening in time of the proton spectrum responsible for the γ-ray emission. The best-fit proton spectral indices and the corresponding integrated 100 MeV to 10 GeV fluxes are given in Table 2. 3.4. Multi-wavelength and Proton Data Both flares were observed with instruments in Xrays, Extreme Ultraviolet (EUV), and radio as well as by charged-particle detectors. They were both modest GOES M-class flares with no RHESSI HXR signal above 300 keV 67 , and both were associated with SEE. The light curves of the GOES 0.1-0.8 nm band, the RHESSI 25-50 keV channel, and GOES proton data are plotted below the Fermi -LAT light curves in Figures 1 and 2 . For the March 7 event, we note additional peaks in the GOES Xray light curves that correspond to flares from ARs other Upper limits are computed at the 95% CL. The insets show the profile of the statistic ∆TS=−2∆ log L as a function of the proton spectral index used to calculate the pion decay spectrum. The horizontal dashed lines at 1 indicate the value used to compute the uncertainty on the proton index corresponding to the 68% CL for a χ 2 distribution with 1 degree of freedom. Parameter values for the models obtained by maximizing the likelihood and used to evaluate the spectral fits shown above are in Table 3 ; flux measurements with statistical errors are reported in Table 4. than that producing the M3.7 flare: AR 11166, 11165, 11171. For the M3.7 flare starting at 19:43 UT on March 7, the impulsive phase lasted about 15 minutes, and the HXR and soft X-ray emissions have light curves and intensities typical of many flares. The bremsstrahlung HXR emission indicates acceleration of electrons at least to 1 MeV. The total energy in 20-300 keV HXRs integrated over the impulsive phase is E HXR ∼1.7×10
25 erg, ∼200 times larger than the energy E γ (E > 100MeV) integrated over the 13.3 hours of γ-ray emission (from Sec. 3.3). RHESSI imaging of the March 7 flare shows an unusually long (∼ 10 10 cm) soft X-ray loop with strong emission from two foot points and weak emission > 20 keV from the top of the loop. For the June 7 flare, the HXR flux > 20 keV (calculated from RHESSI data) is E HXR ∼9.8×10
24 erg, more than a factor 2000 larger than the energy released at high energy.
SDO/AIA movies at EUV wavelengths show considerable activity and multiple episodes of loop brightening during this flare. SEP proton flux time profiles observed with GOES above 30, 50 and 100 MeV are plotted in Figures 1 and 2 . There is a significant proton flux above 50 MeV starting about 90 min after the March 7 flare, but no significant flux above 100 MeV is apparent. GOES proton fluxes for the June 7 flare increased more promptly, were somewhat higher, and extended beyond 100 MeV. Both flares were associated with fast CMEs 68 . For the March 7 flare, the estimated plane-of-sky velocity of the CME is ∼2000 km s −1 , and the CME was preceded by an evident shock structure 69 , while for the June 7 flare, the CME velocity was measured to be ∼1000 km s −1 .
DISCUSSION
During its first four years, the Fermi -LAT has detected γ rays above 100 MeV from more than a dozen solar flares, some of which are M-class (see Table 1 ). This suggests that acceleration of electrons and/or protons up to several GeV energies may be a common occurrence in even modest flares. The highest energy γ ray recorded from the 2011 March 7 flare has an energy of ∼1 GeV. If this is due to pion decay it requires protons of energies ∼5 GeV since the mean energy of γ rays from π 0 decay is typically ∼1/5 of the proton energy (in the relativistic limit). If it is due to electron bremsstrahlung, the bulk of the electron distribution responsible for the γ-ray emission has an energy of at least 1 GeV, with the exact value depending on the electron spectral index.
Thus, continuous monitoring of the Sun with the LAT, in combination with broadband ground-based and space-based observations across the electromagnetic and charged-particle spectrum, sheds new light on the particle acceleration mechanisms in solar flares and perhaps elsewhere.
In this paper we have described the first two longduration γ-ray solar flares observed with Fermi -LAT, those of 2011 March 7 and June 7. With 13.3 hours of γ-ray emission, the March 7 flare was longer than any of the flares observed with EGRET. Unlike those earlier long-duration γ-ray flares associated only with X-class 68 http://cdaw.gsfc.nasa.gov/CME_list/ 69 http://www.spaceweather.com/archive.php?view=1&day= 08&month=03&year=2011 flares (Ryan 2000) , these two flaress were associated with more modest, M-class X-ray flares. The strong detection of γ rays > 100 MeV comprising only a small fraction of the energy flux observed in the HXR band demonstrates that the sensitivity of the LAT is providing access to a new range of solar flare phenomena. Our detailed data analysis of these two flares indicates the following:
1. The > 100 MeV γ rays clearly originate from the Sun and appear to be localized with good confidence at the active region responsible for the other flare activity (seen by RHESSI and SDO).
2. Although the Sun was not in the Fermi -LAT FOV during the impulsive phases of these flares, simple extrapolation of the observed light curve of the March 7 flare back to the impulsive phase suggests that significant γ-ray emission may have been present then. The comparison between the number of detections of impulsive phases ("Type I" in Table 1), and the number of flares with no impulsive phase detected ("Type D"), also suggests that this may indeed be the case.
3. The shock front of a CME is known to accelerate SEPs, but its contribution to the acceleration of the particles that produce γ rays remains unclear. However, as the shock front progresses in interplanetary space, the γ-ray emission cannot occur at the shock front itself because densities ( 10 10 cm −3 ) are too low. The accelerated protons and electrons must be transported to higher densities below the corona for efficient production of radiation. Therefore, the 13.3 hour duration of the gammaray emission from the 2011 March 7 flare is challenging for a shock front acceleration scenario, as the CME shock front would have traveled to more than about 100 solar radii in this time, making transport back to the Sun problematic. Thus, acceleration in the corona may be more attractive as an explanation, especially considering the relatively large flaring loop seen by RHESSI and the extended and complex activity seen by SDO. In this case stochastic acceleration by turbulence may be the dominant mechanism (Petrosian & Liu 2004) . The required turbulence can be produced by reconnection of the magnetic fields in the current sheet behind the CME.
4. The spectral analysis shows that the γ-ray spectra cannot be well fit by a simple power law, while including an exponential cut-off provides an acceptable fit. A model based on decay of pions produced by interactions with background particles of accelerated protons (and α particles) having a power-law spectrum provides an equally acceptable fit. We cannot distinguish spectroscopically between a model based on bremsstrahlung emission from a population of electrons with an intrinsic cut-off and a pion decay model; however, for emission mechanisms in the corona-chromosphere, electron bremsstrahlung seems unlikely. For typical flare densities and magnetic fields, most (>90%) of the > 100 MeV electron energy would appear as sub-mm and far infrared emission via the synchrotron process and ∼50 keV HXRs via inverseCompton scattering of solar optical photons. This fraction would be even higher at the lower densities expected for the large loop seen by RHESSI. In addition, acceleration of electrons to the GeV range would require acceleration time scales shorter than few seconds to overcome the rapid synchrotron loss rate. Whether the leptonic origin of the γ rays can be definitely ruled out by existing observations requires a more detailed analysis beyond the scope of this paper. The hadronic scenario seems more plausible and and requires only a moderate energy input. As mentioned in Sec. 3.4 the total energy in long-duration γ rays above 100 MeV is several hundred times less than that of the HXRs observed with RHESSI during the short impulsive phase. Considering the respective yields of γ rays by protons and HXRs by electrons, we estimate the ratio of accelerated proton to electron energy fluxes to be ≤ 10 −2 . So for these M-class flares, the amount of energy required to accelerate the protons and explain the observations is modest.
5. It is common to describe long duration events in the framework of the so-called trap-precipitation model as was done in the analysis of the X12.0 1991 June 11 flare (Kanbach et al. 1993) . If the trapping is due to magnetic field convergence and if Coulomb collisions are responsible for scattering of the particles into the loss cone and their precipitation, the trapping efficiency would be higher for higher-energy particles. This would result in a gradual hardening of the particle spectrum. On the contrary, as shown in Table 2 for the pion-decay model, we observe a gradual softening of the proton spectrum during the 2011 March 7 flare that could imply a continuous acceleration process lasting for the duration of the emission.
In summary the Fermi -LAT observations of the locations, spectra, and evolution of solar flares in the >100 MeV energy range have raised interesting issues regarding acceleration, transport and radiation of particles in solar flares. The Fermi LAT Collaboration will continue to monitor the Sun through the peak of Solar Cycle 24.
The Fermi LAT Collaboration acknowledges generous ongoing support from a number of agencies and institutes that have supported both the development and the operation of the LAT as well as scientific data analysis. These include the National Aeronautics and Space Administration and the Department of Energy in the United States, the Commissariatà l'Energie Atomique and the Centre National de la Recherche Scientifique / Institut National de Physique Nucléaire et de Physique des Particules in France, the Agenzia Spaziale Italiana and the Istituto Nazionale di Fisica Nucleare in Italy, the Ministry of Education, Culture, Sports, Science and Technology (MEXT), High Energy Accelerator Research Organization (KEK) and Japan Aerospace Exploration Agency (JAXA) in Japan, and the K. A. Wallenberg Foundation, the Swedish Research Council and the Swedish National Space Board in Sweden. Additional support for science analysis during the operations phase is gratefully acknowledged from the Istituto Nazionale di Astrofisica in Italy and the Centre National d'Études Spatiales in France.
We also wish to acknowledge G. Share for his continuous support and important contribution to the Fermi LAT Collaboration.
